Background: WHO recommends BCG at birth and diphtheria-tetanus-pertussis (DTP)-containing vaccine at 6, 10 and 14 weeks of age. However, BCG and DTP are often co-administered in low-income countries. The health implications have not been examined. Setting: We reanalysed data from Matlab, Bangladesh, to examine the influence of co-administration on mortality; 37,894 children born 1986-1999 were followed with registration of vaccinations and survival. Methods: Using Cox models, survival was analysed from 6 weeks to 9 months of age when measles vaccine is given; 712 children died in this age group. We calculated mortality rate ratios (MRR) for children starting the vaccination schedule with BCG-first, BCG+DTP1-first or DTP1-first. Results: Only 17% followed the WHO-schedule with BCG-first. Mortality was 16/1000 person-years for children who initiated the vaccination schedule with BCG+DTP1 but 32/1000 and 20/1000 for children who received BCG-first or DTP-first, respectively. Compared with BCG+DTP1-first and adjusting for background factors, the BCG-first-schedule was associated with 2-fold higher mortality (MRR = 1.94 (1.42-2.63)). DTP1 administered after BCG-first was associated with higher mortality than receiving DTP1 with BCG (MRR = 1.78 (1.03-3.03)). Conclusions: Co-administration of BCG and DTP may further reduce mortality. Since all observational studies support this trend, co-administration of BCG and DTP should be tested in randomised trials.
Introduction
Observational studies and randomized trials have shown that vaccines may affect morbidity and mortality unrelated to the vaccine-targeted infections (Aaby et al., 1995 (Aaby et al., , 2003 (Aaby et al., , 2010 (Aaby et al., , 2011 (Aaby et al., , 2012a . These so-called non-specific or heterologous effects may increase resistance or susceptibility to unrelated infections and may therefore affect child survival beneficially or negatively. These effects are seen most strongly while a vaccine is the most recent vaccination and may be reversed when other vaccines are given. The existence of non-specific effects (NSEs) of vaccines are supported by evidence from human and animal studies that priming with one pathogen may train innate immunity or induce heterologous T-cell immunity and thus reduce or increase susceptibility to subsequent infection with unrelated pathogens (Benn et al., 2013; Kleinnijenhuis et al., 2012; Netea et al., 2011; Welsh and Selin, 2002 ). WHO's Strategic Advisory Group of Experts on Immunization (SAGE) recently reviewed the potential NSEs of BCG, diphtheria-tetanus-pertussis (DTP) and measles vaccine (MV). SAGE concluded that BCG and MV might have beneficial NSEs and recommended further research of the NSEs of vaccines (Higgins et al., 2014 ; Strategic Advisory Group of Experts on Immunization, 2014).
NSEs were not considered when the current immunization schedule and ages of vaccinations were determined in the 1970s and early 1980s (Aaby et al., 2012d) . However, if vaccines have NSEs, the way the program is implemented may have major consequences for child health (Aaby et al., 2012a,d) . WHO recommends BCG to be administered with oral polio vaccine (OPV) at birth, diphtheria-tetanus-pertussis (DTP) and OPV in three doses at 6, 10 and 14 weeks of age and measles vaccine (MV) at 9 months of age. Vaccines are often delayed in lowincome countries (Fisker et al., 2014) . If a vaccine is delayed, it is recommended to give the vaccine at the first opportunity even if it means that it will be co-administered with another vaccine (BCG with DTP, DTP with MV) or in the inverse sequence (BCG after DTP, DTP after MV). In some countries, the majority of children may receive some vaccines outof-sequence Hornshøj et al., 2012; Welaga et al., 2012) . Still there are very few studies of how out-of-sequence vaccinations may affect child survival.
It has been suggested that co-administration of BCG and DTP vaccinations should be better for child survival than following the WHOrecommended schedule of first BCG and then DTP (Aaby et al., 2004 (Aaby et al., , 2011 (Aaby et al., , 2012c Hirve et al., 2012) . This type of out-of-sequence vaccination is common; BCG is often delayed and some institutions have implemented programs which combines BCG with the first dose of DTP (DTP1) (Elguero et al., 2005) . We therefore asked the ICDDR,B, Bangladesh, for permission to re-analyse the largest data set on vaccinations and child survival previously published from the Matlab Health and Demographic Surveillance System (HDSS) (Breiman et al., 2004) to test whether the effect of DTP is different when administered after BCG or when DTP and BCG are co-administered.
Methods
The study covered vaccinations and survival of all children born within the Matlab HDSS between 1986 and 1999 and with follow-up to December 31, 2001 . The previous study analysed the role of vaccination for child survival between 6 weeks and 9 months of age when MV is supposed to be given and between 9 and 60 months of age (Breiman et al., 2004) . The present reanalysis focuses on BCG and DTP and is therefore limited to the 6 weeks to 9 months age group.
Study Population
In the 1986-1999 cohort, 37,894 children were followed between 6 weeks (N42 days) and 9 months of age; 712 children died in this age group. The data collection with regard to study population, vaccinations, socio-economic background factors and survival analysis has been described in detail previously (Breiman et al., 2004) .
Health and Demographic Surveillance and Collection of Vaccination Data
Data was collected by two systems: Health and demographic data have been collected through regular household visits every 2 weeks between 1986 and 1997 and with intervals of one month thereafter. Children for whom no information was available were assumed to be unvaccinated. In the Matlab area, community health workers (CHW) are assigned about 25 households to visit every day for surveillance purposes. The CHW invited mothers to attend vaccinations sessions on the monthly vaccination day in the area and noted all the vaccinations next to the child's name in the record-keeping book (Breiman et al., 2004) .
Deaths and Verbal Autopsies
Causes of death were ascertained by verbal autopsy as part of the routine HDSS (Breiman et al., 2004) . Twenty of the 712 deaths in the age group 6 weeks to 9 months were due to accidents; these deaths have been excluded from the analysis of the impact of vaccination policy on child survival. One death occurred after measles vaccination and has been censored in the main analysis. Hence, the main analysis had 691 deaths.
Registration of Vaccinations and Survival Analyses
The previous analysis (Breiman et al., 2004) compared the survival of different vaccine groups with the unvaccinated group. No children were excluded for lack of information and "unvaccinated" was therefore the default category of children for whom no vaccination had been identified; in other words, it was not actively determined that a child was unvaccinated by inspecting the vaccination card or interviewing the mother as done elsewhere (Kristensen et al., 2000) . Hence, there may have been underreporting of early vaccinations among children categorized as "unvaccinated" and there were several indications that early vaccinations were underreported; for example, children who moved had significantly lower vaccination coverage than other children. Hence, children who were vaccinated and died could end up in the unvaccinated group if the vaccination was not registered before the death; this might happen if some mothers were travelling, e.g. to give birth elsewhere, or there were delays in registering the vaccinations as happened for those who moved.
With advancing age through infancy, completely unvaccinated children will be an increasingly selected group of frail children whom the mothers have considered too weak to vaccinate. As a consequence the mortality rate ratio (MRR) between unvaccinated and vaccinated children should increase with age (Aaby et al., 2009; Chan et al., 2007) . However, in the Matlab data set the MRR for unvaccinated compared with vaccinated declined from 3.43 (2.42-4.86) at 1.5 to 3 months to 1.82 (1.08-3.05) at 6-8 months of age. In a review of DTP and child survival, we found that the MRR of unvaccinated versus vaccinated children was below 2.0 in all studies with documentation of vaccination status and subsequent follow-up (Aaby et al., 2016a) . Hence, early mortality was probably too high in the unvaccinated group in the Matlab data set, potentially due to misclassification of dead children as 'unvaccinated' because there was no information. With follow-up to a higher age more misclassified "unvaccinated" children would have been registered with vaccination and the MRR for unvaccinated and vaccinated children should go down as happened in the Matlab data set. Given these uncertainties about the status of "unvaccinated", we have not compared the mortality of unvaccinated and vaccinated children in the present study but instead compared different vaccine groups, which had in common that they have been registered to have received at least one vaccination.
There are three ways of starting the vaccination schedule: first, BCGfirst possibly followed by DTP1-3 vaccinations as currently recommended by WHO; second, BCG+DTP1-first possibly followed by DTP2-3 vaccinations; and third, DTP1-first possibly followed by DTP2-3 vaccinations and BCG. If subsequent vaccinations were not always registered immediately, some children who died after having received the second or third dose may not have had these vaccinations registered and therefore ended up as a death in the initial group; in other words, mortality would be too high in the initial group and too low in the subsequent vaccine dose groups. That something similar might have happened is suggested by an analysis of mortality in relation to vaccination status and distance from the hospital (Supplementary Table 1 ). Mortality of unvaccinated children did not differ by distance from the hospital but mortality for the BCG-only group was much higher with distance from the hospital and even tended to be higher than mortality in the unvaccinated groups. With such potential registration problems comparisons of the subsequent vaccinations might be biased, e.g. DTP1 (after BCG-first) versus BCG-first or DTP2 (after BCG+DTP1) versus BCG+DTP1. Due to the potential registration problems in the present data set, the main analyses in Tables 1-3 and Fig. 1 are comparing the three ways of starting the vaccination schedule. The mortality following subsequent vaccinations within each of these three groups is depicted in Fig. 2 and analyzed in Table 3 .
Socio-economic and Cultural Background Factors
Several background factors were shown in the previous analyses to relate to the likelihood of receiving three doses of DTP by 9 months of age: Religion (Muslim vs non-Muslim), maternal age, maternal education, birth order, asset score (indicator of socio-economic standing), and distance from hospital. Though all variables were significant in a data set of this size, it was only maternal education which was associated with large differential effects, the DTP3 coverage being 75% for children of mothers with no education and 93% for children of mother with higher education. These factors were also associated with mortality between 6 weeks and 9 months of age. Maternal education and asset score were associated with the largest differentials in mortality. Higher education was associated with 87% lower under-9-month mortality and the highest asset score was associated with 30% lower mortality (Breiman et al., 2004 ).
Statistical Methods
Different socio-economic and health service related factors may have influenced how a given child started the vaccination schedule. Multiple logistic regression was used to examine possible determinants Table 1 The relative distribution of first vaccination by 9 months of age, the median age of vaccination in days, and mortality between 6 weeks and 9 months of age.
1986-89 1990-94 1995-99 Total 28% (3451) 13% (1723) 10% (1244) 17% (6418) 10% (1270) 62% (8112) 79% (10040) 51% (19422) 49% (5987) 21% (2725) 8% (1006) 26% (9718) 12% (1482) 4% (500) 3% ( of receiving BCG+ DTP1-first versus BCG-first or DTP1-first (Table 2) . Results are shown as odds ratios (ORs) with corresponding 95% confidence intervals.
To assess the relative impact of different vaccination categories we used the Cox proportional hazards model, with age as underlying time-scale. Children entered the analyses at the maximum age of first vaccination (BCG-first, BCG+DTP1-first and DTP1-first) or 6 weeks of age; for example, if a child was BCG-first vaccinated on day 30 of life, its follow-up in the BCG-first group started at 6 weeks of age (42 days), but if it was only BCG-first vaccinated on day 55 of life, its follow-up in the BCG-first group started at 55 days. Children were followed until the minimum age of death, out-migration, and 9 months of age. Results reported are mortality rate ratios (MMRs) with corresponding 95% confidence intervals. All vaccination dates were assumed to be known at the date and subsequent vaccines (e.g. DTP1 after BCG-first) were entered as time-dependent covariates changing status at the age of vaccination. In the comparison of different schedule groups we censored follow-up at the time of MV if given before 9 months of age as done in the original presentation of data (Breiman et al., 2004) ; it had no impact on estimates whether children with MV before 9 months of age were censored or not. All estimates were adjusted for the background factors described above. Furthermore, we stratified for year of birth and community health worker (N=117) and all comparisons of the three vaccination schedule groups are therefore conducted within a small subarea. The assumption of proportional hazards was tested using Schoenfeld residuals. When comparing the BCG-first, BCG + DTP1-first and DTP1-first schedules from 6 weeks to 9 months of age the mortality rate ratios decreased over age; we have therefore also presented estimates for the two age intervals 42-180 and 181-270 days of age (Table 3) . (Breiman et al., 2004) . The MMR between BCG-first and BCG+DTP1-first was 2.24 (1.51-3.31) from 6 weeks to 6 months of age and 1.52 (0.93-2.50) from 6 to 9 months of age (P = 0.23). a First vaccination refers to the first vaccination received. In this analysis, the child stays in the same category regardless of the subsequent vaccinations. Fig. 1 . The coverage for starting first with BCG alone, BCG+DTP1 or with DTP1 alone in the three periods.
Results

Vaccination Coverage and Changes in Vaccination Policy
As seen in Table 1 , the proportion of children receiving at least one vaccination before 9 months of age changed from 88% to 97% over the three periods: 1986-89, 1990-94, and 1995-99 . The relative distribution of how children started in the vaccination program changed dramatically (Fig. 1) . When the universal infant immunization program began in Matlab (January 1, 1986), the majority of children started with either BCG-first or DTP1-first. From 1990 onwards, the majority of children started by receiving BCG+DTP1 simultaneously; 79% received coadministered BCG+ DTP1 vaccinations in the last period from 1995-1999. The median age of first vaccination was roughly the same for the three schedule groups; if anything the BCG-first group had a younger age of vaccination (Table 1 ). The children in the three groups had received at least one vaccine and most likely several more subsequent vaccines (Fig. 2) ; children with no vaccine registered were classified in the "no vaccine" group (Table 1) . As seen in Table 1 and Fig. 1 , the first vaccines were not received at a uniform age and very few children were vaccinated in the first month of life; so even when children received BCG first they did not follow the WHO recommendation of receiving BCG at birth.
The 6-week-to-9-month mortality rate declined significantly over the three periods (Table 1) .
In the multiple logistic regression analysis, the determinants for receiving BCG and DTP1 simultaneously were distance from the hospital and maternal education: children living less than 6 km from a hospital and children of mothers with secondary or higher education were more likely to receive simultaneous BCG+DTP1 vaccinations (Table 2) .
Mortality in Relation to Sequence of BCG and DTP Vaccinations
The sequential vaccinations of all children between 6 weeks and 9 months of age are depicted in Fig. 2 . There was a considerable difference in mortality between 6 weeks to 9 months of age depending on how the vaccination schedule was started (Table 3 ). The MMR between BCG-first and BCG+DTP1-first (regardless of subsequent vaccinations) was 1.94 (1.42-2.62) (Table 3) ; the difference was slightly stronger for girls than for boys (Supplementary Table 2 ). The MRR between BCG-first and BCG + DTP1-first was 1.30 (0.62-2.72) in 1986-89, 2.60 (1.67-4.06) in 1990-94, and 1.64 (0.92-2.91) in 1995-99 (P = 0.21) (data not shown). The DTP1-first group had a MRR of 1.25 (0.91-1.73) compared with BCG+DTP1-first.
Bangladesh has usually had higher female than male mortality in the post-neonatal period (Breiman et al., 2004) . We therefore tested whether the different ways of starting the vaccination affected the femalemale MRR. Among children in the "no vaccine" (Fig. 2) , the femalemale MRR was 0.83 (0.68-1.06). Among children who had received BCG+DTP1-first, the female-male MRR was 1.05 (0.76-1.45) between the first vaccination and 9 months of age. In the DTP1-first group where the children typically got BCG after DTP, the female-male MRR was 0.96 (0.64-1.45). In the BCG-first group, the ratio was 1.30 (0.86-1.96) (data not shown). Hence, the BCG-first group tended to be associated with a higher F/M MRR than the "no vaccine" group.
Comparing only the first dose of DTP (DTP1), mortality was significantly higher for children who received DTP1 after BCG-first compared with those who had received DTP1 + BCG simultaneously, the MRR being 1.78 (1.03-3.03) ( Table 3) .
Discussion
Main Observations
First, the BCG+DTP1-first group had only half the mortality of the WHO recommended policy of BCG-first and then DTP. In the period after 1990 when co-administration of BCG and DTP became common, the BCG-first group was vaccinated at a younger age than other groups. All data suggest that children with better nutritional status are 
DTP3
16 (4/89276) N=983 (2/2) Fig. 2 . Vaccination status and mortality between 6 weeks and 9 months of age. The figure shows the vaccination statuses the 37,894 children between 6 weeks and 9 months of age. For each status is indicated in [] the number of children who were in this category when the study started at 6 weeks of age; the mortality rate per 1000 person-years (death/person-days of follow-up); N the total number of children who spent some time in the category and the number of female/male deaths between 6 weeks and 9 months of age. Some children had been vaccinated before 6 weeks of age and there are therefore less than 37894 children in the unvaccinated at the start of the study. Note that this diagram has 691 deaths as accidental deaths have been excluded. vaccinated first (Aaby et al., 2016a) and inherently the BCG-first group might therefore have been healthier. Since we controlled for year of birth and major determinants of vaccination coverage and child mortality, this result is unlikely to be explained solely by confounding. Furthermore, as we stratified for community health worker (Breiman et al., 2004) , the comparison between different vaccination groups would be within distinct areas where environmental conditions and epidemics would be similar for those compared. Second, receiving DTP1 after BCG-first was associated with significantly higher mortality than receiving DTP1 together with BCG.
Strengths and Weaknesses
This is by far the largest data set of routine infant vaccinations from a low-income country and there were good possibilities of analyzing whether the variation in administration of vaccinations had any impact on child survival. The people who compiled the data were not aware of the hypotheses about out-of-sequence vaccinations which we tested in this data set.
Data sets from low-income countries are unlikely to have complete information on all vaccinations. In the present study, data was collected by both the record-keeping system and the HDSS and the data was analyzed as if it was complete. However, there is always the possibility that mothers go to deliver in their natal home and that mothers and children are travelling and receive vaccinations elsewhere; this may not be recorded if the child dies or moves. If the child dies administrative information on vaccinations may not be recorded because it is no longer of direct relevance for vaccine delivery. For example, in the present data set, the children who moved during infancy had significantly lower vaccination coverage before they moved than other children in the community. To circumvent these problems we emphasized the comparison of groups which had at least received one vaccine and therefore been exposed to similar data collection procedures. This strategy suggested that BCG+DTP1 administered simultaneously reduced infant mortality substantially compared with the official WHO strategy of receiving BCG-first and then DTP.
Due to lack of vaccine information some dead vaccinated children may have been misclassified as unvaccinated. It seems unlikely that such misclassified vaccinated deaths have come particularly from the BCG-DTP1-group and have inflated the comparison of the BCG-first and the BCG-DTP1-first schedules. Since the underreporting of vaccinations was strongest among the youngest children and the BCG-first group was vaccinated at a younger age than other groups (Table 1) , misclassified vaccinated death may have been slightly more common in the BCG-first group.
Consistency With Previous Observations
We tested the potential impact of simultaneous vaccination with BCG and DTP1 on mortality because previous studies have suggested that this combination may reduce infant mortality. In rural India, children who received BCG+ DTP1 first had four-fold lower mortality up to 9 months of age than children who started the vaccination schedule with BCG-first or DTP1-first (Hirve et al., 2012) . In Senegal, we conducted two studies (Aaby et al., , 2016b . In the first period from 1989-1996 all children received BCG and DTP1 simultaneously; BCG+DTP1 was associated with 28% lower mortality than unvaccinated children but comparison could not be made with other vaccine groups since all vaccinated children had received BCG + DTP1 (Aaby et al., 2016b) . In the second period from 1997-1999, 73% of the children received BCG + DTP1 simultaneously and they had lower mortality than those who had started with either BCG-first or DTP1-first . In these studies the group receiving BCG-first was vaccinated at a younger age and they would normally have been the healthier and more compliant group.
In Guinea-Bissau, we conducted a randomized trial of BCG at birth to low birth weight (LBW) children who normally do not get BCG at birth but delayed BCG; LBW children will often get BCG with DTP around 6 weeks of age. As a result of the randomization, the children in the control group tended to get DTP1 at the same time as BCG. In a study of mortality between 2 and 6 months of age for DTP-vaccinated versus DTP-unvaccinated children, the MRR for DTP-vaccination was 4.33 (1.54-12.2) in the group having received BCG at birth, who therefore had BCG well before DTP1, as currently recommended. The negative association was reduced being "only" 1.71 (0.73-4.01) among the children in the control group receiving BCG and DTP more or less simultaneously (Aaby et al., 2011 (Aaby et al., , 2012c .
As suggested by a non-significant tendency in the present study, BCG+DTP simultaneously may reduce the increased female mortality which has been associated with DTP-vaccinations administered after BCG (Aaby et al., 2004 (Aaby et al., , 2016c Chan et al., 2007) . In the study from Senegal the female-male MRR was 0.64 (0.38-1.05) after BCG + DTP1 vaccinations but increased significantly to 1.42 (0.92-2.18) after DTP2 and DTP3. This again would suggest that BCG+DTP1 is beneficial particularly for girls (Aaby et al., 2016b) .
Hence, the present study is consistent with several other studies in indicating a more beneficial effect of co-administered BCG+DTP than of BCG-first followed by DTP and that the beneficial effect might be stronger for females. Fig. 2 suggests a surprisingly high (female) mortality in the group having received only BCG-first. Mortality was also higher for children who received BCG alone after DTP1-first and lower for children who received BCG+DTP after DTP1-first. The higher mortality of BCG-first cannot be explained by a particular selection bias for children entering the BCG-first group since we controlled for potential confounding factors. BCG scarring is associated with better child survival and it is known to depend on the strain of BCG and the mode it has been administered (Storgaard et al., 2015) . Hence, one could imagine that the BCG strain used in Matlab had been of poor quality. The strain used in Matlab is unfortunately not known.
Inconsistencies With Previous Observations
The mortality level for BCG-first varied by distance from the center being higher than the mortality of unvaccinated children in distant areas (Supplementary Table 1 ) and the proportion of BCG-first or DTP-first children increased with distance from a hospital (Table 2) . Hence, registration problems may also have played a role for the surprisingly high mortality in the BCG-first group. However, we have no simple explanation for the high mortality for the children who had received only BCG-first.
Interpretation
The simultaneous BCG and DTP vaccinations which became common practice around 1990 in the Matlab area could account for a considerable part of the reduction in infant mortality seen in recent years (Table 1 ). The immunological effect of combining the initial BCG and DTP has not been studied. Recent studies have indicated that BCG induces epigenetic changes which reprogram monocytes to non-specific protection against unrelated infections (Jensen et al., 2015; Kleinnijenhuis et al., 2012) . It has not been studied what happens when these children get DTP. The reprogramming could be different if the initial priming took place in the presence of DTP or if BCG was given at a later age, but this has not been studied.
It cannot be excluded that the excess mortality among infants following the WHO recommended schedule is partly related to some uncontrolled selection biases. However, the analysis adjusted for year and community health worker area, and all comparisons between vaccination groups are therefore within a small area. Since these observations speak against selection bias being a major explanation, it would seem worthwhile to test the potential beneficial effect of BCG+DTP1 in randomized trials.
Implications
All studies with prospective follow-up have found DTP-vaccinated children compared with DTP-unvaccinated children to have higher mortality (Aaby et al., 2012b (Aaby et al., ,c, 2016a Kristensen et al., 2000; Mogensen et al., 2017) ). The excess mortality has been particularly marked for girls (Aaby et al., , 2016b . These observations have been around for more than 15 years (Kristensen et al., 2000) and still no prospective study has shown DTP to be associated with a beneficial effect for child survival. Hence, there are good reasons to consider strategies that might reduce the negative non-specific effects of DTP.
Given the consistency with previous studies, the potential impact on child survival of co-administration of BCG and DTP vaccinations deserves to be tested in randomized trials. This could potentially happen by giving an early DTP with BCG or a second dose of BCG with the current schedule for DTP vaccinations. In areas where the first vaccinations are provided late as has been the case in Matlab, it should be possible to randomise to BCG + DTP1 or BCG-first-then-DTP. None of the studies mentioned above (Aaby et al., , 2016b Breiman et al., 2004; Chan et al., 2007) provided co-administered BCG and DTP1 vaccinations at birth but only around 6-12 weeks of age. Since several studies have suggested that BCG at birth has a beneficial effect on the neonatal mortality (Aaby et al., 2011; Biering-Sørensen et al., 2012) , it is essential that a possible early combination of BCG and DTP does not reduce the beneficial effect of BCG on neonatal mortality. It might be more feasible to give a later second dose of BCG together with DTP3 to examine whether this would reduce the negative effects of DTP. In any case, randomized trials measuring the overall effect of vaccinations on child morbidity and mortality are urgently needed to establish evidence-based policies to improve child survival.
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